I. INTRODUCTION
M ULTILEVEL voltage-source inverters have been receiving more and more attention in the past few years for high-and medium-power induction-motor (IM) drive applications. Many multilevel inverter configurations and pulsewidth modulation (PWM) techniques are presented to improve the output voltage harmonic spectrum [1] , [3] - [5] . Some of the popular multilevel configurations are the neutral point clamped (NPC), series-connected H-bridge, flying capacitor, etc. Although they can be configured for more than two levels, as the number of levels increase, the power circuit and control complexity due to a large number of devices, increases. An optimum topology for multilevel inverters for more than three levels has not been achieved until now, and research is going on to improve the drive efficiency at reduced circuit complexity and control. In NPC multilevel inverters [1] - [7] , the load current drawn from the neutral point will cause an unequal voltage sharing between the series-connected capacitors. This will introduce unwanted harmonics in the inverter output voltage and also results in an unequal voltage stress on the switching devices. To avoid this problem, special voltagebalancing techniques must be implemented [2] , [5] - [7] , or isolated voltage sources have to supply each series-connected capacitors. Although a scheme is proposed in [8] that allows the NPC three-level inverter to operate with unbalanced capacitor voltages, it increases the control-circuit complexity due to the 3-D space-vector arrangement. In cascaded H-bridge (CHB) multilevel inverter structure [9] - [11] , the H-bridge cells are supplied from individual dc source and are series connected to generate multilevel voltage profile. As the number of levels increases, the CHB requires a huge number of isolated voltage sources. In a flying-capacitor topology [12] , more number of levels in the phase voltage is generated by adding or subtracting the capacitor voltages. It requires additional control and increased switching for maintaining the capacitor voltages constant. The power circuit and control complexity increases when the number of levels increases in the output voltage. The generalized multilevel inverter topology is presented in [13] . This topology is a combination of NPC and flying-capacitor inverter topologies. However, it requires additional capacitor banks and many active switches to generate a multilevel output voltage. A hybrid asymmetric multilevel inverter topology is proposed [14] , by connecting a flying capacitor in series with the NPC inverter. However, this scheme is not valid for the entire operating range of the drive (with respect to the power factor and modulation index). A dc-voltage-ratio control strategy for single-phase two-cell CHB converter with a single dc source is presented in [15] . However, this scheme is based on the elimination of switching states which tend to make the floating capacitor voltage unbalanced. Therefore, this scheme cannot be operated for the full modulation range using any arbitrary dc-voltage ratios (i.e., the ratio between the dcsource voltage and floating-capacitor voltage). Moreover, if this scheme is extended to a three-phase system, then it requires three isolated voltage sources. An interesting addition in this paper is the open-end winding IM scheme [16] - [19] . Here, the number of levels in the phase voltage can be increased by lower magnitude dc sources. In the open-end winding scheme, the IM windings are fed from both sides with two two-level inverter (with half the dc-link voltage compared with conventional NPC inverter) to get a three-level inverter topology [16] . Further, the number of levels on the phase winding can be extended by cascading conventional two-and three-level inverters [20] - [23] . However, this cannot eliminate the series connection of the capacitors or voltage sources. Thereby, it will introduce capacitor voltage unbalance problems.
As mentioned earlier, it is possible to generate a three-level voltage profile on the phase winding of an open-end IM by feeding with two two-level inverters from both sides. In this paper, this is further improved by connecting a capacitor fed H-bridge cell in series with the motor phase winding. By balancing the H-bridge capacitor voltage, it is possible to generate five voltage levels on a motor phase winding. Thereby, the dcbus voltage requirement is reduced to one-half compared with a conventional NPC inverter. The inverter scheme proposed in this paper produces 61 voltage space-vector locations as in conventional (NPC or flying capacitor) five-level inverter topology. A total of 2744 voltage space-vector combinations are possible in this scheme, whereas the NPC five-level inverter can produce only 125. In this work, with the advantage of additional space-vector combinations, the H-bridge capacitor voltages are balanced for the full modulation range. Thereby, the voltagebalancing problems and complexity in the power circuit are also minimized. In the case of any switch failure in the capacitor fed H-bridge cell circuit, the proposed topology can still operate, for the full modulation range, as a three level inverter (like open-end winding structure [17] ). Thereby, the reliability of the system increases. This proposed topology is experimentally verified on a 5-hp IM drive.
II. PROPOSED FIVE-LEVEL INVERTER SCHEME
The proposed five-level inverter power circuit is shown in Fig. 1 . In this circuit, only one voltage source is used with a magnitude of V dc /2 where V dc is the dc-link voltage requirement for the conventional NPC inverter. This topology is an extension of the open-end winding multilevel inverter structure. An open end IM drive will have a three-level voltage spacevector structure across the phase winding when fed from twolevel inverters from both sides [17] . In this work, the number of levels on the phase voltage can be further increased by introducing an additional capacitor-fed H-bridge cell in series with motor phase windings. For this study, it is assumed that the H-bridge capacitors (C a , C b , and C c ) are charged to a voltage V dc /4. If the two-level inverters are now clamped to zero voltage, then the H-bridge cell can produce voltage levels of V dc /4, 0, and −V dc /4 on the motor phase winding. On the other hand, by clamping the H-bridge cell to zero voltage, the two two-level inverters can generate voltage levels of V dc /2, 0, and −V dc /2 on the phase winding. When both of them are operated together, it is possible to have five voltage levels on the motor phase windings with a magnitude of V dc /2, V dc /4, 0, −V dc /4, and −V dc /2. For easy understanding, these voltage magnitudes are defined as 2, 1, 0, −1, −2 levels, respectively. The H-bridge capacitor voltages can always be maintained at V dc /4, using the switching state redundancy, as explained in the next paragraph. The switches S a1 to S c1 and S a4 to S c4 in Fig. 1 are part of the two-level inverters which are fed from the voltage source magnitude of V dc /2. Therefore, the maximum voltageblocking capacity of these switches is V dc /2. The remaining switches in the proposed circuit (i.e., S a2 to S c3 ) are connected in parallel to the capacitor; therefore, the maximum voltageblocking capacity of these switches is V dc /4 (since the H-bridge capacitor voltage is balanced at V dc /4).
The possible switching combinations for the five voltage levels on the A-phase winding are shown in Table I . In Table I , due to the complementary nature of the two-level inverter switches, switch S a1 is "ON" automatically implies that switch S a1 is "OFF." The current from points A to A (Fig. 1 ) is assumed to be the positive direction of the current and is shown as i a > 0 in Table I . The H-bridge capacitors can be charged or discharged independently of the phase-current direction for the voltage levels V dc /4 and −V dc /4. For example, if i a > 0, C a can be charged for the voltage level V dc /4 by turning on the switches S a1 and S a2 and by turning off the switches S a3 and S a4 . It can be discharged by turning off the switches S a1 , S a2 , and S a4 and by turning on the switch S a3 . The other voltage levels (i.e., V dc /2, 0, and −V dc /2) on the phase winding is achieved by bypassing the H-bridge capacitors; therefore it will not affect the capacitor voltages. The switching states for the bypass (H-bridge capacitor) operation are listed in Table I . The proposed power circuit can generate two more voltage levels with a voltage magnitude of 3 * V dc /4 and −3 * V dc /4. These additional voltage levels can be generated by placing the capacitor in series with the dc-link voltage. However, at this voltage level, the power circuit does not have any complementary state to balance the H-bridge capacitor voltage. Therefore, the capacitor voltage balancing is not possible with redundant switching states when all the seven levels are used for PWM control. Therefore, only five voltage levels are used for PWM control in this study. If the capacitor in the H-bridge cell is replaced with a dc-voltage source, then all seven levels can be used for PWM control. However, the power circuit needs additional three dc-link voltage sources which will increase the power circuit complexity. From Table I , it can be noted that there are 14 possible switching combinations for one phase to realize the five voltage levels. Therefore, a total of 2744 (14 × 14 × 14) switching combinations are possible for this work. The spacevector structure for the five-level inverter is shown in Fig. 2 . The possible switching combinations for the each space-vector point (which is a vector addition of all three-phase voltages), shown in Fig. 2 , are listed in Table II , with the help of the voltage levels. Note that each voltage level can be realized in a number of ways, as shown in Table I . It is known that inverters controlled by conventional 2-D space-vector PWM (SVPWM) will produce a common-mode (triplen) voltage along with the fundamental voltage on the motor phase windings [16] , [24] (i.e., the sum of all three phase voltages is not equal to zero). The triplen harmonic content in the phase voltage would cause a high triplen harmonic current to flow through the motor phases and power semiconductor devices in Fig. 1 . To suppress the triplen harmonic current, either harmonic filter or isolated power supplies should be used. In this proposed topology, two isolated voltage sources are used to deny the path for triplen current (circulating currents). The modified inverter topology is shown in Fig. 3 .
The proposed topology can be operated as a dual-inverterfed open-end winding IM drive (i.e., three-level operation) [17] for full modulation range, by properly clamping the H-bridge cells. In case of any switch failure in inverter 1 or inverter 2, the proposed scheme can be operated as a three-level inverter by properly clamping the faulty inverter. This will increase the reliability of the system in fault conditions.
III. SWITCHING STRATEGY AND H-BRIDGE CAPACITOR DESIGN
In this work, the inverter-gating pulses are generated similar to an SVPWM technique, using the sampled reference phase voltage magnitudes [25] [25] , [26] given as
The new A-phase reference voltage V * an is shown in Fig. 4 for modulation index (the modulation index M is defined as the ratio of the magnitude of the equivalent voltage space vector (V r ), generated by the three phase voltages, to the dc-link voltage) that is equal to 0.8. The voltage magnitude required by the load is realized by comparing the reference voltage waveform with the carrier wave. The switching state can be selected from Table I , by observing the current direction and H-bridge capacitor voltage.
The performance of the proposed topology is dependent on the H-bridge capacitor ripple voltage. The capacitors can be designed properly to restrict the ripple voltage within acceptable limits. The capacitance required by the H-bridge capacitor can be calculated by using the formula given in
where C H-bridge capacitor (C a , C b , or C c ); I p peak phase current; T s switching time period; ΔV peak-to-peak voltage ripple allowed in the H-bridge capacitor. According to (3), if the peak-to-peak H-bridge capacitor ripple voltage is allowed to vary up to 10 V, then for a load current magnitude of 10 A at a switching frequency of 1 kHz, the capacitor value is designed as 1000 μF.
The proposed topology is compared with the conventional topologies (with respect to the switching devices, capacitor banks, and isolated voltage sources) and is presented in Table III . It can be observed that the number of active switches is same for all the topologies, but the proposed topology 
IV. EXPERIMENTAL RESULTS
The proposed five-level inverter topology is experimentally verified on a 5-hp open-end winding IM. The motor is run at no-load condition to show the effect of changing PWM patterns on the motor current. Open loop V /f control is used to test the drive for the full modulation range. Throughout the speed range, the switching frequency is kept at 1 kHz, and the H-bridge capacitor value is chosen as 1100 μF. The controller is implemented in TMS320F2812 DSP platform with the gating signals generated from SPARTAN XC3S200 fieldprogrammable gate array.
Experimental results for modulation index of 0.2 (i.e., inverter output fundamental voltage frequency is 10 Hz) are shown in Fig. 5 . The H-bridge capacitor ripple voltage, phase voltage, and phase current are shown in Fig. 5(a) . As seen from the phase voltage waveform, the proposed topology is operating in a two-level mode. Because of no-load operation, the H-bridge capacitor peak-to-peak voltage ripple is less than 1 V, which is about 10% of the full-load voltage ripple allowed by the capacitors. Fig. 5(b) shows the pole voltages of inverter 1 and inverter 2 and the H-bridge cell output voltage (i.e., difference of the two pole voltage in H-bridge cell) and phase current at no load. From this, it can be observed that highvoltage-fed inverters (i.e., inverter 1 and inverter 2 in Fig. 3 ) are switching half of the period in fundamental cycle. Therefore, this will reduce the switching losses of the drive.
Another set of experimental results, for modulation index of 0.4, are shown in Fig. 6 . The waveforms are in the same order, similar to the previous set of experimental results. From Fig. 6(a) it can be noted that the inverter is operating in a three-level mode, and the H-bridge capacitor voltage is well balanced and the peak to peak ripple is less than 1 V. From  Fig. 6(b) , it can be seen that at this modulation index also, the high-voltage-fed inverters, inverter 1 and inverter 2 (Fig. 3) , are switching for half a period in a fundamental cycle. Similar kind of experimental results are shown for modulation indexes of 0.6 (i.e., inverter output fundamental voltage frequency is 30 Hz) and 0.8 (i.e., inverter output fundamental voltage frequency is 40 Hz) in Figs. 7 and 8, respectively. From the aforementioned experimental results, it can be observed that the inverter is operating in a four-level mode at modulation index of 0.6 and in a five-level mode of operation at modulation index of 0.8. The H-bridge capacitor voltage is well balanced (since the ripple voltage magnitude is less) when the inverter is operating at fourlevel and five-level modes. Fig. 7(c) shows the normalized harmonic spectrum of the phase voltage (V AA ) for fundamental voltage frequency of 30 Hz (i.e., M = 0.6). Therefore, the first center-band harmonics appear at 33 (1000 Hz/30 Hz) times the fundamental frequency. However, as seen from Fig. 7(c) , the magnitudes of the harmonics are highly suppressed because of the four-level operation of the inverter. A normalized harmonic spectrum of phase voltage at M = 0.8 (i.e., 40 Hz operation) is shown in Fig. 8(c) . At this operating condition, the first centerband harmonics is present at 25 (1000 Hz/40 Hz) times the fundamental frequency. However, here also, the harmonics are highly suppressed because of a five-level operation.
Similar set of experimental results are shown in Fig. 9 for overmodulation. From this experimental results, it can be seen that the H-bridge capacitor voltage is well balanced (since the ripple voltage magnitude is less) when the inverter is operating at overmodulation. Inverter 1 and inverter 2 are switching for half the period in a fundamental cycle. It indicates that for the entire modulation range, the high-voltage-fed inverters (inverter 1 and inverter 2 in Fig. 3) are switching half the period in a fundamental cycle, which will reduce the switching losses, and thereby, the efficiency of the drive system increases. Fig. 10 shows the transient performance of the proposed scheme during speed-reversal operation of the drive. In Fig. 10 , the waveforms show the H-bridge capacitor voltage, IM phase voltage, and phase current. From the aforementioned waveforms can be observed the smooth transitions of operating levels of the inverter when speed-reversal command is given in a five-level mode of operation. Even though accelerating and decelerating the motor draw current much more than the steadystate operation, yet the capacitor voltage is balanced for the full modulation range. Thereby, the traces conform that the present scheme is capable of balancing the H-bridge capacitor voltage throughout the modulation range.
V. CONCLUSION
In this paper, the concept of open-end winding structure has been extended by adding a capacitor-fed H-bridge cell in series with the motor phase winding. This results in a five-level inverter topology. It does not require any clamping diodes as in a conventional five-level NPC inverter. It requires only one capacitor bank for each phase, whereas the fivelevel flying-capacitor topology requires six additional capacitor banks with a voltage rating of V dc /4 for each phase. Therefore, the proposed topology reduces the power circuit complexity compared with NPC or flying-capacitor topologies. In case of any switch failure in the H-bridge cell, the proposed inverter topology can be operated as a three-level inverter for full modulation range (by appropriately clamping the H-bridge cell). Inherent H-bridge capacitor voltage balancing eliminates the need for additional dc-power supplies and hence, increases the reliability of the power circuit and also reduces the power circuit complexity. In case of any failure in inverter 1 and inverter 2 (Fig. 3) , this topology can be operated as a threelevel inverter in lower modulation index. The proposed fivelevel inverter topology has been experimentally verified for the full modulation range, on a 5-hp IM drive, for steady-state as well as transient conditions using V /f control.
